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Abstract Reconstructed sea surface temperatures (SSTs) derived from Mg/Ca measurements in nine
encrusting coralline algal skeletons from the Aleutian archipelago in the northernmost Paciﬁc Ocean reveal
an overall increase in SST from 1665 to 2007. In the Aleutian SST reconstruction, decadal-scale variability is
a transient feature present during the 1700s and early 1800s and then fully emerging post-1950. SSTs vary
coherently with available instrument records of cyclone variance and vacillate in and out of coherence with
multicentennial Paciﬁc Northwest drought reconstructions as a response to SST-driven alterations of storm
tracks reaching North America. These results indicate that an inﬂuence of decadal-scale variability on the
North Paciﬁc storm tracks only became apparent during the midtwentieth century. Furthermore, what has
been assumed as natural variability in the North Paciﬁc, based on twentieth century instrumental data, is not
consistent with the long-term natural variability evident in reconstructed SSTs predating the
anthropogenic inﬂuence.
1. Introduction
Decadal-scale variability in North Paciﬁc Ocean seawater temperatures inﬂuences atmospheric circulation
systems, which in turn inﬂuences global precipitation/drought events through alteration of storm tracks
and modulation of the El Niño–Southern Oscillation [Hartmann, 2015; Nigam et al., 1999; Wang et al.,
2014]. Our understanding of this North Paciﬁc variability is drawn from climate model output, instrumental
data, and proxy-based reconstructions [Newman et al., 2016]. However, current models underestimate
tropical inﬂuence on Paciﬁc decadal variability in the Northern Hemisphere relative to observations based
on the instrument data [Newman et al., 2016]. Whether our understanding of model parameters, quality of
instrumental data, or a combination of both causes this inconsistency is unknown. The instrumental data
include interpolated gridded sea surface temperature (SST) data products that use the International
Comprehensive Ocean-Atmosphere Data Set (ICOADS) [Worley et al., 2005] as the SST source. Increasing
uncertainty characterizes these data sets further back in time due to the limited duration and spatial
coverage of the ICOADS observations [Deser et al., 2010]. These data products indicate coherent spatial
and temporal climate variability for much of the twentieth century. Yet increasing anthropogenic emissions
of greenhouse gases to the atmosphere characterize the period with best data coverage, and global
temperatures during this period are exceeding the estimates of natural variability [Bindoff et al., 2013].
Therefore, anthropogenic climate change may be inﬂuencing our current understanding of the drivers of
northern North Paciﬁc climate variability and its interactions with other climate elements. Data sets that
extend further back in time are necessary to understand the role of “natural” decadal-scale variability on
climate to place current climatic changes in a long-term context.
One source of proxy-based climate records extending into the past are the tree ring-based reconstructions in
the areas adjacent to the North Paciﬁc [Biondi et al., 2001; D’Arrigo and Wilson, 2006; D’Arrigo et al., 2001;
Gedalof and Smith, 2001; MacDonald and Case, 2005]; however, these reconstructions do not vary coherently
because of increasing proxy uncertainty and/or changes in the spatial pattern of past climate variability
[Kipfmueller et al., 2012]. As such, there is little agreement among these available records of decadal-scale
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behavior in the climate of the North
Paciﬁc prior to the twentieth century
[Kipfmueller et al., 2012; Newman et al.,
2016]. Furthermore, there are no
annually resolved reconstructions of in
situ SSTs prior to 1949 from the northern
boundary of the Paciﬁc (i.e., the Aleutian
archipelago). This means that our under-
standing of SST variability in the Aleutian
archipelago relies on land-based proxies
distant to the Aleutians, e.g., tree rings
and speleothems [D’Arrigo et al., 1999;
McCabe-Glynn et al., 2013], whose rela-
tionships may change through time
[D’Arrigo et al., 2008]. These changing
relationships such as potential modiﬁca-
tion of the North Paciﬁc storm track may
be occurring, particularly over the past
several decades [Salathe, 2006], as
increasing concentrations of atmo-
spheric greenhouse gases play a larger
role in global climate [Bindoff et al., 2013].
To quantify climate variability in the northern North Paciﬁc and the mechanisms driving this variability, we
reconstructed 342 years of proxy-based SSTs extracted from the skeletons of encrusting coralline algae. To
do this, multiple specimens of the long-lived coralline alga Clathromorphum nereostratum Lebednik were col-
lected from two islands in the central western portion of the Aleutian archipelago (Figure 1). C. nereostratum
is proliﬁc in near-surface rocky seaﬂoor environments in the Aleutian archipelago with reported longevity of
850 years [Adey et al., 2013; Halfar et al., 2007]. Winter decreases in temperature and insolation, sometimes
combined with the start of reproduction, reduces calciﬁcation in this alga. This reduction in calciﬁcation
produces clear annual growth increments [Adey, 1965; Moberly, 1968]. Magnesium content in the alga’s
high-Mg calcite skeleton varies from ~6 to 14 mol % MgCO3 in response to ambient temperature at the time
of formation [Hetzinger et al., 2009]. Thus, Mg/Ca measurements across the skeleton of the alga produce
subannually resolved records of past seawater temperatures. This work builds upon our calibration and
veriﬁcation study that assessed skill and error in reconstructing past SST from this alga [Williams et al.,
2014]. Here we apply this calibration to generate a replicated in situ SST reconstruction. From this SST recon-
struction, we interpret drivers of decadal-scale and long-term variability present in the northernmost
North Paciﬁc.
2. Methods and Data
Nine C. nereostratum specimens were collected on the seaﬂoor by scuba divers in the northeast and the
southeast coasts of Attu Island and to the northeast of Amchitka Island in the Aleutian archipelago
(Figure 1 and supporting information Table S1 and Figure S1a). This alga provides signiﬁcant substrate,
refuge, and food to a variety of invertebrate organisms in the Aleutians, resulting in a robust shallow seaﬂoor
community on par with the microalgal habitats [Chenelot et al., 2011]. Wild specimens from Attu and
Amchitka Islands were obtained during expeditions in August 2004 and June 2008, and from a museum
collection containing samples collected in 1969 (Herbarium of University of British Columbia, Vancouver).
Approximately 1 cm thick cross sections of each specimen were made cutting parallel to the direction of
growth. Sections were polished and imaged at 50X magniﬁcation using an Olympus reﬂected light micro-
scope (VS-BX) with automated sampling stage and imaging system. The produced images were stitched
together using geo.TS software to form a single high-resolution photomosaic of each section (supporting
information Figure S1b). Two relatively parallel digital paths along the axis of maximum growth visible on
the photomosaics for each specimen were selected for Mg/Ca analysis. Skeletal 24Mg and 43Ca values were
Figure 1. Correlation map of SST anomalies from algal SST with ERSST
[Smith et al., 2008] for the years 1960–2003 is similar to the spatial SST
pattern representing the Paciﬁc Decadal Oscillation [Mantua et al., 1997].
SST anomalies were determined using the monthly climatology for
1971–2000 and low pass ﬁltered to 36months. Attu and Amchitka Islands
marked by circle and square, respectively. Correlations shown are sig-
niﬁcant (5%) adjusted for degrees of freedom.
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measured using an Agilent 7500ce quadrupole inductively coupled plasma–mass spectrometry (ICP-MS)
coupled to a New Wave Research UP-213 laser ablation system (neodymium: yttrium/aluminum/garnet,
Nd:YAG laser) with helium as carrier gas at the Department of Geosciences, Johannes Gutenberg-
Universität, Mainz, Germany. NISTSRM610 (U.S. National Institute of Standard and Technology Standard
Reference Material) glass was used as the external standard. Samples were ablated in continuous lines after
preablation of the surface. The standard deviations of recurrent analyses of the NISTSRM610 standard every
30 min were always within 10%, indicating that instrumental drift was insigniﬁcant. The relative standard
deviation for recurrent analysis of NISTSRM610 was ≤1%.
We used annual growth increments identiﬁed in the high-resolution photomosaic images combined with
annual maxima and minima in the Mg/Ca values (supporting information Figure S1c) to create chronologies
for each of the specimens with continuous growth (supporting information Figure S2). The three specimens
08-01-06-G1, 08-01-07-G2-1, and 08-01-07_G2-3b were collected live, yet disconformities in the skeleton
representing a disruption of growth were evident in the skeleton of these specimens. Therefore, we used
U-Th dating [Fietzke et al., 2005] to develop ﬂoating chronologies for the skeleton formed below the growth
disconformities (supporting information Table S2 and Figure S2). The U234/U238 and U238/Th232 ratios in the
skeleton below the growth disconformities in these specimens was similar to that in the specimen AT11-4
that did not have a growth disconformity. This indicates that the algal skeleton is a closed system, and there
is no diagenetic overprinting preventing the use of this dating technique in these specimens. To reﬁne the
U-Th-determined ﬂoating chronology of the skeleton formed below a growth disconformity, we used cross
correlation (or crossdating) of the Mg/Ca records (supporting information Tables S1 and S2) as follows.
Growth increments around each U-Th date were assigned a year by counting outward from the skeletal loca-
tion of the U-Th-dated sample. This preliminary chronology was applied to the Mg/Ca values. The chronology
was then ﬁne-tuned by optimizing the cross correlation with the master record derived by averaging the
Mg/Ca values from all the specimens with continuous growth (no growth disconformities) at both islands.
The dating optimization was done by shifting the U-Th-derived chronologies forward and backward in time
within U-Th dating uncertainty (2σ) to obtain the highest correlation with the master record. All ﬁnal adjust-
ments were within the 2σ uncertainty of the U-Th ages (supporting information Table S2). This crossdating
approach is comparable to that used in other ﬁelds of sclerochronology [Butler et al., 2009; Cobb et al.,
2013; DeLong et al., 2012, 2014].
The measured Mg/Ca records for each specimen were converted to absolute SST (supporting information
Figure S3) using veriﬁed transfer functions developed in Williams et al. [2014]. These transfer functions used
the maximum and minimummonthly Mg/Ca values. This gives equal weight to the shorter 3 month summer
(temperatures above 8°C) as the longer 5 month winter (temperatures below 4°C) characterizing the central
western Aleutian archipelago. Here we used all available Mg/Ca values to determine absolute SST. To reduce
the impact of subannual dating uncertainty, we either ﬁltered monthly data interpolated from the raw data
using Analyseries software [Paillard et al., 1996] with a 36 month low-pass ﬁlter or annually averaged the
reconstructed SSTs. These reconstructed SSTs were consistently higher (average 0.47°C for the interval from
1971 to 2000) than expected from annual average temperatures determined from the gridded SST data pro-
ducts ERSST [Smith et al., 2008] and Hadley Centre Sea Ice and SST version 1.1 (HadISST) [Rayner et al., 2003]
for the area of this study. We applied a 0.47°C offset to the entire SST reconstruction for comparison to
those data products to account for differences between the data products SST and that experienced by
the algae and the seasonal bias in the calibration.
Agreement between the reconstructed interannual SSTs for the two islands (r = 0.53, p < 0.0001, degrees of
freedom (d.f.) = 109, for the overlapping period 1838–2003 and 36 month low pass ﬁltered) supported
averaging the two island-based reconstructions together to create a uniﬁed Aleutian SST reconstruction
(Figure 2c and supporting information Figure S3). This master reconstruction of Aleutian SSTs spanned the
full timeframe from 1665 to 2007 (Figure 2c). The d.f. for all correlation analysis were calculated using the
Runs test [Draper and Smith, 1998] to account for autocorrelation that tends to inﬂate signiﬁcant levels.
The SST reconstruction signiﬁcantly correlated with SST from ERSST (r = 0.47, p < 0.005, d.f. = 31) and
HadISST (r= 0.63, p< 0.001, d.f. = 31) for January 1960 to June 2007 (both 36month lowpass ﬁltered). For com-
parison, grid-level SSTs from ERSST andHadISST also signiﬁcantly correlate (r = 0.85, p< 0.0005, d.f. = 36). Here
the validation tests comparing the different SSTs used the interval of 1960 to 2007 because the number of
Geophysical Research Letters 10.1002/2017GL073138
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observations in ICOADS that contributes to the ERRST and HadISST data products is greatly reduced before
1960 in our study area and is thus less reliable (Figure 2b).
We determined the monthly anomalies for the SST reconstruction with respect to the 30 year interval 1971 to
2000. For comparison with annual records of other climate variability, we averaged the monthly recon-
structed SST anomalies for each calendar year. The error of the reconstruction was assessed for escalating
scales from a single specimen to four specimens by calculating the standard error of regression for the
calibration interval (1960–2007) [Williams et al., 2014]. Four was the largest number of algal records available
post-1960 for the calibration interval for error assessments. Yet at times the reconstruction combined up to
eight specimens contributing to the uniﬁed reconstruction (Figure 2c). Thus, the actual error of the SST recon-
struction is overestimated for these intervals. We used frequency analysis methods to assess signiﬁcant (5%)
periodicities of variability in the reconstructed SSTs. We perform this analysis twice, once for the interval post-
1850 and once for the entire record. This prevents the larger ﬂuctuations present in the earlier part of the SST
reconstruction (e.g., prior to 1725) generated from only one specimen from swamping out the muted varia-
bility later in the reconstruction (e.g., post-1850) generated from averaging SSTs derived frommultiple speci-
mens together. We assessed signiﬁcance (5%) of secular changes in the monthly SST reconstruction using
Monte Carlo simulation with 10,000 realizations of the SST reconstruction. The simulation was allowed to vary
within the reconstruction uncertainty (Gaussian distribution) determined for each month based on the
number of specimens. This method included nonclimatic variability in our signiﬁcance testing.
3. Interpretation of Aleutian SST Time Series
3.1. Veriﬁcation of Proxy Archive
Correlation analysis of the 36 month low-pass-ﬁltered reconstructed SSTs with the similarly ﬁltered gridded
ERSST data product reveals a spatial pattern (Figure 1) similar to the Paciﬁc Decadal Oscillation (PDO), the
Figure 2. Comparison of the alga SST reconstruction with volcanic and solar variability. (a) Volcanic eruptions with a
Volcanic Explosivity Index (VEI) ≥ 4 [Simkin and Siebert, 1994]. (b) Number (#) of observations per year contributing to
ICOADS [Worley et al., 2005] for the grid area (50–54°N,170–184°E) that includes Attu and Amchitka Islands.
(c) Reconstructed SSTs (black line) smoothed with a 36 month low-pass ﬁlter with the error of reconstruction (shaded area;
1 standard deviation) based on (d) the number of specimens for each month compiled to generate the reconstruction. The
gridded data products HadISST (blue dashed line) [Rayner et al., 2003] and ERSST (grey line) [Smith et al., 2008] post-1900
for the grid area 49–55°N, 171–181°E enclosing our study site are shown for comparison and are similarly smoothed. All
these records (gridded and reconstructed) start to diverge as the number of records in the ICOADS decreases. Timing of the
Maunder and Dalton solar minimums (red) are noted along with the Little Ice Age (green).
Geophysical Research Letters 10.1002/2017GL073138
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primary mode of North Paciﬁc SST variability [Newman et al., 2016]. The reconstructed SSTs signiﬁcantly
correlate (r = 0.2 to 0.4) with ERSST in the Bering Sea, along the Aleutian archipelago, northeastern Gulf of
Alaska, and into the subtropical and tropical eastern Paciﬁc and negatively correlate (r = 0.2) in the central
North Paciﬁc Ocean. This spatial correlation pattern is consistent with that found using annually resolved
National Centers for Environmental Prediction Optimally Interpolated SST (NCEP OISST) [Reynolds et al.,
2002] selected for the grid encompassing Attu and Amchitka Islands with ERSST (supporting information
Figure S4) with one exception: the reconstructed SSTs signiﬁcantly correlate with Southern Hemisphere
subtropical eastern Paciﬁc gridded ERSSTs while the NCEP OISST do not. OISST includes satellite-derived
SST with better spatial coverage than ERSST thus may better reﬂect actual Paciﬁc Ocean coherence; however,
OISST is temporally limited to 1981 to present. For this reason, we used ERSST for calibration of the algal
reconstruction for the longer time interval.
3.2. Decadal-Scale Variability
The reconstructed SSTs signiﬁcantly correlate with the PDO time series [Mantua et al., 1997] post-1945
(r = 0.39, p = 0.0017, n = 62 for annual averages) (Figures 3b and 3e). The short negative deviation in
Aleutian SSTs marking the 1976–1977 PDO transition is consistent with PDO instrumental records and recon-
structions derived from tree ring climate archives [Gedalof and Smith, 2001]. The 1922 and 1945 PDO shifts are
not evident in Aleutian SSTs indicating a change in climate of the Aleutians after the 1945 PDO shift that
aligns the Aleutian climate with the broader North Paciﬁc climate. The absence of a consistent temporal
relationship between Aleutian SSTs and the PDO is supported by the absence of covariability of the SST
reconstruction with the tree ring-derived PDO reconstruction on longer timescales (supporting information
Figure S6a) [MacDonald and Case, 2005]. Furthermore, wavelet analysis of the reconstructed SST anomalies
post-1850 reveals the emergence of signiﬁcant decadal-to-bidecadal variability only since 1950 (Figure 3a).
Variability on ~30 to 45 year timescales is persistent through the ﬁrst half of the record until the 1820s
(Figure 4) and returns as part of the bidecadal variability post-1945 (Figure 3a). The reduced decadal-to-
bidecadal variability from 1840 to 1930 is consistent with previous studies ﬁnding anomalous variability in
the North Paciﬁc region during this time period [Gedalof and Smith, 2001]. In contrast to the transient
decadal-to-bidecadal scale variability, the reconstructed SST anomalies vary on >50 year timescales
(Figures 3a and 4a). This is consistent with North American tree ring records indicating coherence in the
North Paciﬁc region with North America climate variability [Minobe, 1997].
Here we ﬁnd that Aleutian SSTs signiﬁcantly negatively correlate with the North Paciﬁc Index (NPI) such that
warmer temperatures occur when the Aleutian Low is stronger (r = 0.21, p = 0.027, n = 109 for annual
averages). However, the relationship is not robust if the secular long-term trends are removed (r = 0.05,
p = 0.60, n = 109, detrended using a linear ﬁt over the duration of the entire record). Thus, the correlation
is largely driven by the century-long warming trend in the reconstructed SSTs corresponding to the decreas-
ing NPI since 1899. Furthermore, the reconstructed SSTs did not signiﬁcantly vary with the amount of light
reaching the shallow seaﬂoor in the archipelago, which was determined through measurements of growth
rates in C. nereostratum [Halfar et al., 2011]. In the Aleutians, the shallow seaﬂoor light dynamics reﬂect
changes in the long-term strength of the Aleutian Low [Halfar et al., 2011]. The absence of a relationship
between reconstructed SSTs and the strength of the Aleutian Low is consistent with ﬁndings using reanalysis
data set post-1950 that the strength of the Aleutian Low does not drive regional winter temperatures
[Rodionov et al., 2007]. In contrast, the location of the Aleutian Low impacts storm tracks and winter tempera-
tures in the Bering Sea [Rodionov et al., 2007]. Testing for the effect of variance in cyclone activity on the
Aleutian climate, we compared the SST reconstruction to cyclone variability [Blackmon et al., 1977]. We ﬁnd
that the SST reconstruction signiﬁcantly correlates with the cyclone variance proxies (r = 0.41, p = 0.0001,
n = 86 for ERA-20C [Poli et al., 2015] and r = 0.37, p = 0.0005, n = 86 for 20CRv2 [Compo et al., 2011]) for
the region inclusive of the western Aleutian archipelago from 1920 to 2005 with a 2 year lead in SSTs
(Figures 3b and 3d). The year 1920 was selected because surface pressure measurements from the northern-
most Paciﬁc region start in the 1920s. Maximum covariate analysis of the 20CRv2 and HadISST data set indi-
cates that a PDO-like pattern of SST anomalies induced a positive storm track anomaly along 50°N with a
2 year lead in the temperature anomalies [Gan and Wu, 2013], consistent with our results. Because cyclones
passing through the Aleutians have been diverted from their primary west-to-east storm track, they do not
reach the northwest coast of North America [Rodionov et al., 2007]. Thus, the track that these cyclones follow
Geophysical Research Letters 10.1002/2017GL073138
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inﬂuences precipitation in the Paciﬁc
Northwest. Comparison of Aleutian
SSTs with a multicentennial recon-
struction of the Palmer Drought
Severity Index [Cook and Krusic,
2004] for locations in the Paciﬁc
Northwest indicates variable periods
of coherence on the interannual to
decadal timescales (supporting infor-
mation Figure S5b). This result indi-
cates a relationship between the
Aleutian SST reconstruction and
storm-driven drought conditions in
the Paciﬁc Northwest via northwest
alteration of storm tracks.
3.3. Long-Term SST Variability
Reconstructed SSTs signiﬁcantly
warmed (1.1 ± 0.30°C (1σ) deter-
mined using Monte Carlo simulation)
from 1660s to 1800 (rate of change:
0.008 ± 0.002°C/yr (1σ)), followed by
a signiﬁcant cooling of 0.8 ± 0.04°C
(1σ) until 1840 (rate of change:
0.02 ± 0.001°C/yr (1σ)), then a signiﬁ-
cant warming of 0.8 ± 0.16°C (1σ)
from 1860 until the end of recon-
struction in 2007 (rate of change:
0.005 ± 0.001°C/yr (1σ)) (Figure 2c).
Since the earliest warming interval
has larger uncertainty resulting from
fewer available algal specimens
(Figure 2d), the SST increase in this
interval is less constrained than the
warming in the twentieth century;
however, this warming is signiﬁcant
as assessed by reconstruction errors
using Monte Carlo simulation. The
warming trend post-1850s in the SST reconstruction (0.8 ± 0.16°C, 1σ) is consistent with global mean warm-
ing of 0.85 ± 0.21°C (1σ) from 1880 to 2012 (Figures 4b and 4c), attributed largely to anthropogenic causes
[Bindoff et al., 2013; Hartmann et al., 2013]. In contrast, the Northern Hemisphere was broadly cooler during
the Little Ice Age (~1400–1850) (Figure 4c), which is largely ascribed to decreased solar irradiance and
increased volcanic forcing [Mann et al., 2009]. Therefore, here we test for the inﬂuence of solar and volcanic
variability on the secular changes in the reconstructed SSTs.
Multi-Taper Method (MTM) spectral analysis [Ghil et al., 2002] of the Aleutian reconstructed SSTs ﬁnds a
signiﬁcant periodicity at 11 years (supporting information Figure S5a), which is consistent with sunspot varia-
bility in solar irradiance [Lean, 2000]. Yet the strength of 11 year periodicity is not a persistent feature of the
SST reconstruction; rather, it is a transient feature in the record from 1675 to 1830 (Figure 4a). In fact, the SST
reconstruction signiﬁcantly covaried with a reconstruction of solar irradiance [Lean, 2000] on the 11 year
periodicity only from ~1745 to 1825 (supporting information Figure S4b). In addition, the reconstructed
SSTs were cool during the period of lower than usual solar irradiance called the Maunder minimum
(1645–1715) but then warmed and cooled during the Dalton minimum (1795–1830), a second period of
reduced solar irradiance (Figure 2c). This indicates that solar irradiance is not the primary factor inﬂuencing
Figure 3. Spectral analysis of the alga SST reconstructionwith climate indices
post-1850. (a) Wavelet spectrum (Morlet mother wavelet) of reconstructed
monthly SST anomalies linearly detrended with thin black contour lines
enclosing time-periodicity regions with signiﬁcant (p ≤ 0.05) concentrations
of spectral power tested assuming a ﬁrst-order autoregressive (AR(1)) model
and shaded area is the cone of inﬂuence [Grinsted et al., 2004; Torrence and
Compo, 1998]. (b) Detrended SST reconstruction shown as annually averaged
anomalies. (c) North Paciﬁc Index (NPI) [Trenberth and Hurrell, 1994], plotted
on an inverted y axis. Trend line represents linear trend calculated for the
entire index period. (d) Annual averages of the monthly mean (3–10 day
band-pass-ﬁltered variance) sea level pressure ﬁeld in the North Paciﬁc,
which is a proxy for cyclone variability [Blackmon et al., 1977], derived from
the European Centre for Medium-Range Weather Forecast’s ERA-20C (ERA)
[Poli et al., 2015] and National Oceanic and Atmospheric Administration’s
twentieth Century Reanalysis version 2 (20CRv2) (CRV) [Compo et al., 2011].
(e) Paciﬁc Decadal Oscillation (PDO) [Mantua et al., 1997].
Geophysical Research Letters 10.1002/2017GL073138
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Aleutian SSTs at this periodicity.
Comparison of the reconstructed
SSTs with volcanic activity using
eruptions with the Volcanic
Explosivity Index [Simkin and Siebert,
1994] of four or higher indicates
volcanic activity corresponding with
the start of decreasing SSTs in the
early 1800s (Figures 2a and 2c). No
other relationship exists between
volcanic activity and the recon-
structed SSTs. The inﬂuence of indivi-
dual volcanic events may be within
the error of the calibrated reconstruc-
tion or hidden by 36 month ﬁltering
of the SST reconstruction and thus is
not discernable at this resolution.
The Dalton solar minimum and
increased volcanic activity in the
early 1800s could explain the
decreasing SSTs from 1800 to 1850;
however, the warming in the late
1700s preceding the cooling
(Figure 4c) is not present in the
broader Northern Hemisphere
multiple-proxy temperature recon-
struction [Mann et al., 2009] or the
regional eastern tropical multiproxy
SST reconstruction [Tierney et al.,
2015]. This documented warmth in
the North Paciﬁc coincides with a warm period (above average temperatures, ~1800–1810) in the South
Paciﬁc recorded in a coral-derived SST reconstruction from Fiji, Tonga, Rarotonga, and New Caledonia caused
by unknown forcings [Linsley et al., 2015] (Figure 4d). These coinciding warm periods in the Paciﬁc supports
an oceanic role in the late 1700s/early 1800s of Aleutian SST warmth. Yet concurrent above average tempera-
tures in the Aleutians and the tropical South Paciﬁc in the early 1800s are unexpected because these regions
are in opposite phasing of the Interdecadal Paciﬁc Oscillation, the primary mode of SST anomalies in the
Paciﬁc [Henley et al., 2015]. Therefore, this may reﬂect a teleconnection between of the South Paciﬁc
Decadal Oscillation or Southern Hemisphere Decadal Oscillation [Hsu and Chen, 2011; Shakun and Shaman,
2009] with the Aleutian Islands. This teleconnection would support a potential role of the tropics in northern
North Paciﬁc variability. Finally, the warming trend post-1850s in the SST reconstruction is consistent with an
anthropogenic forcing of the larger Northern Hemisphere temperatures. Therefore, these data suggest a
complex combination of solar irradiance, volcanic activity, internal ocean dynamics, and external anthropo-
genic forcing explain the variability in Aleutian SSTs for the past 342 years.
4. Conclusions
Based on the reconstruction of SST, decadal variability is absent in the ﬁrst half of the twentieth century in the
northern North Paciﬁc, only emerging post-1950. Considering the signiﬁcant inﬂuence of decadal-scale varia-
bility on global climate, and efforts to understand how this decadal-scale variability may continue evolving as
anthropogenic changes to climate occur, it is important to recognize that the last half of the twentieth
century exhibits climatic conditions not evident in the period prior to an anthropogenic inﬂuence. Thus,
studies based on post-1950 instrumental records (e.g., for climate model validation and to determine
mechanisms driving climate variability and related teleconnections to distant locations) may not be demon-
strably relevant to understanding long-term regional climate conditions.
Figure 4. Spectral analysis of the alga SST reconstruction with climate
indices from 1665 to 2003. (a) Wavelet spectrum (Morlet mother wavelet)
of reconstructed monthly SST anomalies linearly detrended with thin black
contour lines enclosing time-periodicity regions with signiﬁcant (p ≤ 0.05)
concentrations of spectral power tested assuming a ﬁrst-order autoregres-
sive (AR(1)) model [Grinsted et al., 2004; Torrence and Compo, 1998]. Shaded
area is the cone of inﬂuence for which the results are interpreted with cau-
tion due to edge effects that result from zero padding of the time series.
(b) Alga SST anomalies compared to (c) anomalies of a Northern Hemisphere
temperature reconstruction [Mann et al., 2009], and (d) anomalies of a South
Paciﬁc SST reconstruction [Linsley et al., 2015]. Time series in Figures 4b–4d
were low pass ﬁltered to decadal resolution. Trend line in Figures 4b and 4c
represent linear trend calculated for post-1850 temperatures.
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